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Continuous Vesicle Cycling
in the Synaptic Terminal
of Retinal Bipolar Cells
Leon Lagnado, Ana Gomis, and Christy Job peptides (Thomas et al., 1993) and catecholamines
(Neher and Zucker, 1993) from largedense-core vesiclesMRC Laboratory of Molecular Biology
(150–300 nm in diameter). It has been more difficult toHills Road
apply the capacitance technique to study the secretionCambridge CB2 2QH
of fast-acting neurotransmitters released from smallUnited Kingdom
vesicles because of the inaccessibility of most synaptic
terminals. This problem has recently been overcome by
using three types of sensory neuron: depolarizing (ON)Summary
bipolar cells from the retinae of goldfish, which have a
giant synaptic terminal (von Gersdorff and Matthews,Endocytosis and exocytosis were investigated in the
1994a, 1994b; Heidelberger et al., 1994), saccular hairsynaptic terminal of retinal bipolar cells by monitoring
cells, in which the whole cell contains zones specializedthe uptake and loss of the fluorescent dye FM1-43.
for exocytosis (Parsons et al., 1994), and retinal photore-Depolarization in the presence of Ca21 stimulated a
ceptors (Rieke and Schwartz, 1994). These cells do notcontinuous cycle of exocytosis and endocytosis that
fire action potentials but respond to stimuli with gradedwas approximately balanced at rates up to 3800 vesi-
changes in membrane potential that last hundreds of
cles per s. Vesicles became available for exocytosis
milliseconds and modulate the release of glutamate
within 1 min of endocytosis, and about 700,000 releas- from small vesicles (Copenhagen and Jahr, 1989; Rob-
able vesicles were specifically localized to a region erts et al., 1988; Tachibana and Okada, 1991). Electron
within 2 mm of the plasma membrane. Release of microscopy of these sensory neurons reveals character-
cagedCa21 usingNP–EGTA while simultaneously mon- istic “ribbons” (or “dense bodies”) at synaptic release
itoring cytosolic Ca21 with Fura-2 indicated thatcontin- zones, which are not found in neurons that fire action
uous exocytosis was stimulated by sub-micromolar potentials, suggesting that synapses transmitting
levels of Ca21. It has been suggested that the ribbon graded signals function differently from synapses trans-
synapse of bipolar cells only supports transient exo- mitting spikes (Dowling, 1987).
cytosis, but our results demonstrate that this synapse Synapses of photoreceptors are thought to be toni-
is specialized for the continuous secretion of neuro- cally active (Dowling and Ripps, 1973; Rieke and
transmitter. Schwartz, 1996), but recent capacitance measurements
from isolated bipolar cell terminals of the goldfish have
been interpreted to indicate that this ribbon synapseIntroduction
releases neurotransmitter transiently. Maintained depo-
larization caused an increase in membrane surface areaNeurons transfer signals at synaptic junctions by the
that reached a maximum after 180 ms and recovered inexocytosis of synaptic vesicles containing neurotrans-
seconds (von Gersdorff and Matthews, 1994a). The risemitters (Katz, 1966). After vesicle fusion, the membrane
in capacitance required at least 20 mM Ca21 (Heidel-is retrieved by endocytosis and the synaptic vesicle is
berger et al., 1994). These observations were interpretedrefilled with neurotransmitter (Kelly, 1993; Schweizer et
as reflecting transient exocytosis of a limited vesicleal., 1995). Fast-acting neurotransmitters, such as gluta-
pool through the action of a low affinity Ca21 sensor.mate and g-aminobutyric acid, are packaged in clear
However, the capacitance technique only measures netvesicles less than 50 nm in diameter. In neurons that
changes in membrane surface, which can make it diffi-fire action potentials, secretion of these small vesicles
cult to differentiate exocytosis from endocytosis if bothoccurs as a transient burst lasting just the few millisec-
processes occur simultaneously (Smith and Betz, 1996).onds that voltage-dependent Ca21 channels open in re-
To investigate the possibility of a continuous vesicle
sponse to a spike (Katz and Miledi, 1967; Llinas, 1982).
cycle, we used the fluorescent dye FM1-43 to label vesi-
A variety of experiments demonstrate that transient exo-
cles in the synaptic terminal of depolarizing bipolar cells
cytosis requires Ca21 levels of the order of 100 mM, from the goldfish retina. The use of FM1-43 to stain
which can only occur within 10 nm of an open Ca21 synaptic vesicles was first introduced by Betz and col-
channel (Adler et al., 1991; Llinas et al., 1992; Stanley, leagues using the frog neuromuscular junction, and it
1993; DeBello et al., 1993). However, the processes con- has since been applied to a number of preparations
trolled by Ca21 during the cycling of small vesicles are (reviewed by Betz et al., 1996). Our strategy was to
still unclear, in part because simultaneous measure- monitor uptake of the dye into vesicles during endocyto-
ments of Ca21 and vesicle behavior are difficult to carry sis, and then loss of the dye during exocytosis. Ca21-
out in synaptic terminals (Betz and Wu, 1995; Fesce et dependent exocytosis was not transient, but continuous
al., 1994). for periods of minutes at rates estimated to be up to
One of the most direct approaches for studying secre- 3800 vesicles per s. Release of caged Ca21 while simul-
tion has been to detect changes in membrane surface taneously monitoring cytosolic Ca21 indicated that con-
area associated with exocytosis and endocytosis by tinuous exocytosis could be stimulated by sub-micro-
measuring membrane capacitance using the patch- molar levels of Ca21 at rates similar to those measured
clamp technique (Penner and Neher, 1989). This method during maintained depolarizations. Our results indicate
has allowed the Ca21 dependence of vesicle cycling to that the bipolar cell terminal is specialized for continu-
ous release of neurotransmitter.be studied inneuroendocrine cells releasing slow-acting
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Results again) was only 7% greater than the initial fluorescence
associated with the plasma membrane, a change that
is within the variability of the measurements. Thus, theUse of FM1-43 to Monitor Continuous Endocytosis
Intact cells were depolarized to 0 mV in the presence fluorescence increase during the application of Ca21
was almost completely associated with endocytosedof 50 mM KCl, as in Figure 1. Figure 1A shows a series
of fluorescence images obtained with a CCD camera dye. This dye was retained until Ca21 was reapplied,
when there was a continuous decrease in fluorescence.and Figure 1B plots the total fluorescence in the synaptic
terminal and a region of the cell body during the course The loss of fluorescence was rapidly and reversibly
blocked by removal of Ca21, indicating that it was dueof the experiment. Adding 10 mM FM1-43 to the external
solution rapidly stained the plasma membrane of the to labeled vesicles expelling their dye after undergoing
exocytosis. The constancy of the fluorescent signalswhole cell (Figure 1A, image b), but there was no further
increase in fluorescence in the absence of Ca21 (Figure measured in the absence of Ca21 indicated that there
was no appreciable photobleaching of the dye.1A, image c and Figure 1B). Addition of 2.5 mM Ca21
immediately caused the fluorescence within the terminal The results in Figure 1 and Figure 2 demonstrate that
there is a continuous cycle of exocytosis and endocyto-to increase, but the fluorescence in the cell body was
unaffected (Figure 1A, images d and e). Over a period sis localized to the synaptic terminal of the bipolar cell
that is balanced over the time-scale of 1 min and underof 5 min, the fluorescence of the terminal saturated at
five times that associated with the plasma membrane the strict control of Ca21. When the FM1-43 signal satu-
rated (see Figure 1), all cycling vesicles must have been(Figure 1B). Removal of Ca21 rapidly and reversibly
blocked uptake of FM1-43 (Figure 1B). FM1-43 cannot labeled so that the rates of dye uptake and loss were
balanced. Similar behavior was observed in over 50 cellscross membranes, so the fluorescence of the synaptic
terminal must reflect either an increase in surface area tested in this way.
or accumulation of dye in internal membranes. However,
the fluorescent images indicated that the size of the
Quantifying Rates of Vesicle Cyclingterminal was relatively constant.
Uptake of FM1-43 by endocytosis was large comparedWhen FM1-43 and Ca21 were removed simultane-
to the fluorescence associated with the plasma mem-ously, the plasma membrane of the whole cell rapidly
brane. For instance, in Figure 2 the fluorescence in-destained (Figure 1A, image f). An idea of the time-
crease in the terminal during the 1 min application ofcourse is given by the rapid decline in the fluorescence
Ca21 was 2.75 times the fluorescence associated withof the cell body (Figure 1B). The rapid loss of fluores-
the plasma membrane, indicating that the rate of vesiclecence from the plasma membrane of the terminal was
cycling was equivalent to 4.6% of the terminals mem-similar in size to the initial increase in fluorescence ob-
brane area per s. In 12 similar experiments, the initialserved on the addition of the dye. This confirmed that
rate of vesicle cycling when continuously depolarizingthe surface area of the terminal had not increased and
in 50 mM KCl and 2.5 mM Ca21 was 3.6% 6 0.3% ofthat the Ca21-dependent increase in the fluorescence
the plasma membrane surface area per s.was all associated with internal membranes. The vast
An approximate calibration of the fluorescence sig-majority of the membranes within the bipolar cell termi-
nals associated with vesicle cycling was made usingnal form small vesicles or mitochondria (von Gersdorff
the assumption that the concentration of FM1-43 in theet al., 1996; see also Figure 7), so it seems safe to
membrane of a newly endocytosed vesicle was theassume that the dye had accumulated within synaptic
same as that in the plasma membrane (see also Smithvesicles. Ultrastructural work by Henkel et al. (1996)
and Betz, 1996). As with any imaging method, light washas directly demonstrated that FM1-43 accumulates in
not collected from the whole cell, but we assumed thatsynaptic vesicles at the frog neuromuscular junction.
the fraction of light collected from stained vesicles was
the same as that collected from the plasma membrane.
Electron microscopy of single isolated cells demon-Use of FM1-43 to Monitor Continuous Exocytosis
The relatively constant surface area of the terminal dur- strated that the plasma membrane of the terminal was
smooth rather than convoluted, and serial sectioninging accumulation of FM1-43 indicated that endocytosis
and exocytosis were roughly balanced and so allowed with a confocal microscope indicated that the synaptic
terminal was approximately hemispheric (neither ofus to use the increase in fluorescence as an index of
exocytosis. However, exocytosis of labeled vesicles these are shown). The membrane area of a terminal of
diameter dt was therefore taken as 1/4pdt2 (the flat sur-could also be measured independently of endocytosis
by monitoring the decrease inFM1-43 fluorescence after face on the cover slip) plus 1/2pdt2 (the hemisphere).
The membrane area of a vesicle of diameter dv is pdv2,the dye was removed from the medium. Figure 2 shows
another experiment where the cell was continuously de- so the surface area of the terminal was equivalent to
about (3/4)•(dt/dv)2•vesicles. dt could be measured frompolarized in 50 mM KCl. First, FM1-43 was added in
the absence of Ca21, and the increase in fluorescence differential interference contrast images of the terminal,
and was 12 mm for the cell in Figure 2. dv was measuredassociated with theplasma membrane measured. Endo-
cytosis was then stimulated for 1 min by the addition from electron micrographs as 36 nm (Experimental Pro-
cedures and see Figure 7). Thus, the initial rate of exo-of 2.5 mM Ca21, when there was a 275% increase in the
fluorescence of the terminal. When FM1-43 was re- cytosis in Figure 2 was estimated to be 3800 vesicles
per s and the average in 12 cells was 2700 vesicles permoved, the rapid decrease in fluorescence (measured
from the peak to the point just before Ca21 was added s. Rates of cycling could be estimated in this way only
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Figure 1. Fluorescence Measurements of Endocytosis in a Giant Synaptic Terminal
(A) Image a: DIC Image of a retinal bipolar cell. Scale bar, 10 mm. Images b and c: Fluorescence images obtained after adding 10 mM FM1-
43 in the absence of Ca21. Images d and e: Fluorescence images obtained after adding 2.5 mM Ca21, showing the accumulation of fluorescence
within the synaptic terminal by endocytosis. Image f: Fluorescence image obtained after removal of FM1-43, showing the selective retention
of dye in the synaptic terminal. Cell continuously depolarized in 50 mM K1.
(B) The total fluorescence (arbitrary units) is plotted for the synaptic terminal and a region of the cell body (marked in the DIC image). The
background (measured over the rectangular region) was subtracted from both signals. Results from (A). The rate of fluorescence increase on
adding Ca21 (open bar) was equivalent to 3.7% of the plasma membrane surface area per s. Application of FM1-43 indicated by filled bar.
The letters mark the timing of the corresponding images in (A).
from the initial rates of FM1-43 uptake. At later times, The Pool of Releasable Vesicles Was Localized
The staining pattern observed after synaptic vesiclesthe rate of fluorescence increase gradually fell (see Fig-
ure 1B), presumably because as the fraction of releas- were labeled with FM1-43 in the bipolar cell terminal
was different from that found in the terminal of mo-able vesicles labeled by dye increased, so did the rate
of dye loss by exocytosis. torneurons at the frog neuromuscular junction (Betz et
Neuron
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obtained after exocytosis of dye-labeled vesicles had
occurred and shows that the dye was lost from the
periphery. In contrast, the amount of dye in the central
zone increased. The time-course of these dye move-
ments is shown in Figure 3D, which plots the total fluo-
rescence in the terminal together with the fluorescence
in the central and peripheral zones. On adding Ca21, the
fluorescence rose rapidly in the periphery, but more
slowly in the center. When vesicle cycling was blocked
by removing Ca21 (complete within 3 s), the total fluores-
cence remained constant, but the intensity in the periph-
ery fell while that in the center rose. This indicates that
vesicles carrying the dye had continued to move cen-
trally and that these movements did not require Ca21
influx. After removal of FM1-43 from the medium and
the addition of Ca21, there was a rapid loss of fluores-
cence from the peripheral zone, but not the central re-
gion. The fluorescence in the center, which accountedFigure 2. Fluorescence Measurements of Exocytosis
for between 10% and 40% of the total dye, was notThe total fluorescence was measured in the terminal and a similar
releasable on the time-scale of these experiments. Asized region of the cell body. A population of vesicles were stained
nonreleasable component of dye is also apparent inby a 60 s application of Ca21. The rate of FM1-43 uptake on adding
Ca21 was equivalent to 4.6% of the fluorescence in the plasma Figures 2 and 5. This dye might have resided in a “re-
membrane per s (see text). After removal of FM1-43 from the me- serve” pool of vesicles or perhaps an endosomal com-
dium, the dye within the terminal was retained until exocytosis was partment with which some vesicles fused.
initiated by reapplying Ca21. Of the fluorescence in the terminal,
40% could not be released on the time-scale of this experiment.
Maintaining the Vesicle Cycle
al., 1992) or in rat hippocampal cell cultures (Ryan et How are continuously high rates of exocytosis main-
al., 1993). In those cells, dye-labeled vesicles remain tained? In Figure 2, for instance, about 230,000 vesicles
localized, appearing as discrete hot spots, about 0.5–1
were released over a 1 min period. Capacitance mea-
mm across, immediately adjacent to the plasma mem- surements from bipolar cell terminals by von Gersdorff
brane. However, Figure 1A shows that in the bipolar and Matthews (1994a) have shown that endocytosis can
cell terminal, labeled vesicles appeared as a continuous begin within 200 ms of exocytosis, but how quickly does
bright ring around the periphery. The distribution of
an endocytosed vesicle become available for release?
FM1-43 was studied with greater spatial resolution using
The experiment in Figure 4 places an upper limit of 1 min
confocal microscopy. Figure 3A shows a series of fluo-
on such a “repriming” time. The cell was continuously
rescent images of the terminal of an intact cell obtained
depolarized in the presence of 50 mM KCl containing
using the protocol shown in Figure 3D. Image a was
2.5 mM Ca21 and FM1-43 applied as a 1 min pulse.
obtained after adding FM1-43 in the absence of Ca21
Separation of the fluorescence signals arising from dyeand shows that there were no obvious hot spots when
in the plasma membrane and internalized dye was moreonly the plasma membrane was stained. Images b–e
difficult in this experiment, because the two phases ofwere obtained after addition of Ca21 and show the grad-
destaining could not be separated by manipulating ex-ual accumulation of dye within a zone extending about
ternal Ca21 (compare Figures 1 and 2). However, exo-2 mm from the plasma membrane. Discrete hot spots
cytosis of labeled vesicles began immediately after thebecame apparent just under the plasma membrane, as
dye was removed, as indicated by the continuous de-shown in Figure 3B, 30 s after vesicle labeling was initi-
cline in fluorescence beginning immediately after theated by the addition of Ca21. The hot spots became
rapid destaining of the plasma membrane (Figure 4A).indistinct as the fluorescence moved away from the
To measure selectively uptake and loss of the dyeplasma membrane. They may represent areas where
from within the synaptic terminal, we subtracted theendocytosis occurred at particularly high rates, and it
component of the signal arising from the plasma mem-is tempting to speculate that theseare close to thedense
brane using the signal from the cell body, and the resultbodies that are specialized for exocytosis of synaptic
is shown in Figure 4B. This approach rests on the obser-vesicles.
vations that the plasma membrane of the terminal andIt was often possible to identify two functional zones
cell body stain and destain at the same rates and thatwithin the terminal: a peripheral region, extending about
no endocytosis occurs in the cell body (Figures 1 and2 mm from plasma membrane, which became rapidly
2). The edge of the cell stains brightest when the dyeoccupied by labeled vesicles, and a central zone into
is added, so the perimeter of the region in the cell bodywhich the fluorescence spread more slowly. Figure 3C
was set to be equal to the perimeter of the synapticplots the intensity profile across the terminal for three
terminal. When this was done, the rapid fluorescenceimages from Figure 3A. Profile a represents the staining
increase observed on adding the dye was the same inof the plasma membrane. Profile f was obtained immedi-
the cell body region and terminal (as in Figure 1). Figureately after dye accumulation was blocked by removal
4B confirms that there was no appreciable delay be-of Ca21 and shows theaccumulation of dye in the periph-
eral zone (defined by the dashed lines). Profile l was tween the end of the labeling period and the beginning
Vesicle Cycling in a Synaptic Terminal
961
Figure 3. FM1-43 Staining Observed with a Confocal Microscope
A series of images were obtained at 15 s intervals while continuously depolarizing the cell in 50 mM K1.
(A) Images a–l obtained at 15, 145, 150, 210, 255, 285, 360, 465, 510, 585, 660, and 735 s, respectively. The timing of some of these images
is shown by the corresponding letters in (D). Further details in text.
(B) Image c expanded three times to show “hot spots” (arrows) by the plasma membrane. Scale bar, 10 mm.
(C) Movement of fluorescence across the region of the terminal marked in (A). Plots marked with the letters of the corresponding images
in (A).
(D) The mean intensity in the central and peripheral zones during this experiment. The bold line shows the total fluorescence of the terminal
(including plasma membrane), scaled to allow comparison with the other two traces. Further details in text.
of dye loss by exocytosis. Similar results were observed immediately after. In Figure 4, the dye internalized during
the 1 min exposure to FM1-43 was equivalent to aboutin 15 other experiments where FM1-43 was applied for
1 min. In comparison, the minimum repriming time is 1.54 times the initial fluorescence increase observed on
staining the plasma membrane. For a terminal 10.5 mm15–30 s for vesicles at the frog neuromuscular junction
(Betz and Bewick, 1992) and 60 s for vesicles in cultured in diameter, this represents the staining of about 98,000
vesicles. The rate of dye loss measured immediatelyhippocampal neurons (Ryan and Smith, 1995).
The release of dye within 1 min of vesicle labeling after was 19% of the rate of accumulation by simple
comparison of the gradients. Thus, if exocytosis andindicated that newly endocytosed vesicles became
available for exocytosis within this period. Dye loss oc- endocytosis were balanced, 98,000 vesicles repre-
sented the filling of 19% of the releasable pool of 520,000curred exponentially, indicating that labeled vesicles
had a fixed probability of release. In Figure 4B, the time- vesicles. In Figure 2, where it was not necessary to
subtract the plasma membrane signal, 230,000 vesiclesconstant was 180 s. These observations are consistent
with a model in which the mean lifetime of a vesicle were labeled in 1 min and the initial rate of dye loss was
17% of the rate of accumulation, indicating that thebetween endocytosis and the next round of exocytosis
was 180 s under these condtions of continuous depolar- releasable pool comprised 1.35 million vesicles. In ten
similar experiments, the total number of releasable vesi-ization. In comparison, vesicle clusters at frog neuro-
muscular junctions stimulated at 10 Hz destain with a cles was estimated to be 740,000 6 90,000. This kinetic
approach can be compared with recent three-dimen-time-constant of about 120 s (Betz and Bewick, 1993),
and boutons in hippocampal neurons, also stimulated sional reconstructions of two bipolar cell terminals, from
which it was estimated that one terminal containedat 10 Hz, destain with a time-constant of 20 s (Ryan et
al., 1993). about 480,000 vesicles and the other about 910,000 (von
Gersdorff et al., 1996).How large is the pool of releasable vesicles? We could
not estimate this quantity from the saturated level of
dye uptake, because, as shown in Figure 3, there was Continuous Dye Accumulation Stimulated
by Depolarizationa time-dependent immobilization of the dye toward the
center of the terminal. We therefore used an approach To investigate how depolarization stimulated the vesicle
cycle, FM1-43 fluorescence was monitored in a voltage-that compared the rate of dye uptake during a short
exposure to FM1-43 with the rate of release measured clamped cell while the average free Ca21 concentration
Neuron
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Figure 5. Continuous Vesicle Cycling Stimulated by Maintained De-
polarization
The thin trace (left-hand axis) shows the spatially averaged free
[Ca21]i in the terminal measured using the fluorescent indicator
Fura-2. The bold trace (right-hand axis) shows the FM1-43 fluores-
cence (arbitrary units). The membrane voltage (Vm) is shown below;
10 mM FM1-43 was continuously applied starting at the time marked
by the arrow. The diameter of the terminal was 11 mm.
Gersdorff and Matthews (1994a) cannot be attributed
to their use of whole-cell recording.
An important feature of the experiment in Figure 5
was that vesicle cycling was maintained at a high rate
throughout the 27 s depolarization, leading to the re-
lease of about 38,000 vesicles. The terminal of the depo-
larizing bipolar cell has about 60 release sites, each with
about 110 vesicles attached (von Gersdorff et al., 1996).Figure 4. Vesicles Rapidly Became Available for Exocytosis
The release of about 1400 vesicles per s must have(A) The total fluorescence was measured in the terminal anda similar
sized region of the cell body. A population of vesicles was stained required each release zone to be filled at a rate of about
by a 60 s application of 10 mM FM1-43; 2.5 mM Ca21 and 50 mM K1 23 vesicles per s. The large size of the releasable vesicle
were present throughout. The diameter of the terminal was 10.5 mm. pool and its proximity to the plasma membrane may
(B) The signal arising from dye internalized in the terminal was ob-
have underlied this process.tained by subtracting the signal from the cell body. The dashed
curve is an exponential with a time-constant of 180 s; 19% of the
dye was retained.
Stimulation of Vesicle Cycling by the Release
of Caged Ca21
The opening of a Ca21 channel in the plasma membrane([Ca21]i) in the terminal was simultaneously measured
with the fluorescent indicator Fura-2 (Figure 5). These generates a “calcium microdomain” in which [Ca21]i lev-
els of the order of 100 mM extend about 10 nm fromexperiments were carried out in normal Ringer’s solu-
tion. Initially, the membrane potential was held at 260 the channel (Smith and Augustine, 1988). Although the
experiment in Figure 5 showed that a spatially averagedmV to keep the L-type Ca21 channels in the terminal
closed (Heidelberger and Matthews, 1992; Tachibana [Ca21]i of a few hundred nanomolar was associated with
the stimulation of vesicle cycling, the response mayet al., 1993). When FM1-43 was added there was no
endocytosis at resting [Ca21]i of 100 nM. Depolarizing actually have been elicited by much higher [Ca21]i levels
close to open Ca21 channels. To establish the [Ca21]ito 220 mV to open Ca21 channels caused a rise in [Ca21]i
to 400–500 nM and stimulated vesicle cycling at a rate range over which endocytosis and exocytosis were reg-
ulated, bipolar cells were loaded with NP–EGTA, a pho-equivalent to 2% of the membrane surface area per s,
or 1400 vesicles per s. Repolarizing to 260 mV to close tolyzable Ca21 chelator that releases Ca21 ions on UV
illumination (Ellis-Davies and Kaplan, 1994). NP–EGTACa21 channels caused a fall in [Ca21]i to about 200 nM,
and a slowing in the rate of vesicle cycling. Stimulation could be assumed to be uniformly distributed in the
terminal so that illumination would cause a uniform riseof vesicle cycling always required depolarizationbeyond
the threshold for activation of L-type Ca21 channels in [Ca21]i, which was accurately reported by Fura-2. Fig-
ure 6A shows that at the resting free [Ca21]i of 80 nM(about 240 mV) and an accompanying rise in [Ca21]i (25
cells). The fact that cells depolarized under conditions of (thin trace, left-hand axis), there was negligible endocy-
tosis of the dye after FM1-43 stained the plasma mem-whole-cell voltage-clamp exhibited continuous vesicle
cycling similar to that observed in intact cells indicates brane. Application of intense UV light (black bar) pho-
tolyzed NP–EGTA, raising [Ca21]i to about 500 nM andthat the difference between our results and those of von
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around 350 nM. After removal of FM1-43 and return to
normal Ringer’s solution, the plasma membrane rapidly
destained and [Ca21]i settled to about 150 nM, when dye
loss by exocytosis occurred at a slow rate. Photolysis of
NP–EGTA caused a peak rise in [Ca21]i to 1200 nM that
rapidly fell back to 350 nM over a period of 60 s. The
average rate of exocytosis was accelerated6.2-fold rela-
tive to that measured before Ca21 release. After photoly-
sis was stopped, [Ca21]i rapidly recovered to 150 nM,
when the rate of exocytosis slowed again. Similar results
were observed in three cells. Uptake or loss of FM1-43
was not caused by exposure to UV light in the absence
of NP–EGTA or after most of the NP–EGTA loaded into
a cell was photolyzed.
The rate-limiting step for vesicle cycling was therefore
controlled by [Ca21]i levels that also occurred in the bulk
cytoplasm during depolarization (see Figure 5). In fact,
Ca21 microdomains apparently did not play any essen-
tial role in vesicle cycling in this terminal, because endo-
cytosis could also be stimulated by [Ca21]i levels of a
few hundred nanomolar when Ca21 influx was blocked
by removing external Ca21, as shown in Figure 6C. In
this example, endocytosis was stimulated at a peak rate
of 2.6% of the membrane surface area per s of the
terminal, corresponding to about 1700 vesicles per s.
The rates of vesicle cycling measured in response to the
release of caged Ca21 were similar to those measured in
response to depolarization (compare Figure 5). Similar
results were observed in three cells.
Discussion
Bipolar cells receive a glutamatergic synaptic input from
photoreceptors and make contact with ganglion cells
that send visual signals back to the brain along the optic
Figure 6. Ca21 Rises in the Sub-Micromolar Range Achieved by the nerve. Graded voltage changes in bipolar cells occur on
Photolysis of Caged Ca21 Stimulated Continuous Vesicle Cycling the time-scale of hundreds of milliseconds to seconds
The free [Ca21]i is shown by the thin traces and left-hand axes. FM1- (Saito et al., 1978; Dowling, 1987), and our results dem-
43 fluorescence is shown by the thick traces and right-hand axes
onstrate that the synaptic terminal of the depolarizing(arbitrary units). Application of UV light is shown by the black bars.
bipolar cell is specialized for the tonic release of neuro-These experiments were done using a PMT rather than a camera.
transmitter. High rates of exocytosis and endocytosis(A) Endocytosis was stimulated by 500 nM Ca21; 10 mM FM1-43
was applied in normal Ringer’s solution containing 2.5 mM Ca21 (at were supported for prolonged periods (Figures 1 and
the arrow). Application of intense UV light photolyzed NP–EGTA to 2), and the flux of vesicles through this cycle was in-
cause Ca21 release and stimulate the accumulation of FM1-43 by creased by depolarization (Figure 5). There were about
endocytosis. The diameter of the terminal was 11.5 mm.
700,000 releasable vesicles, specifically held close to(B) Exocytosis stimulated by sub-micromolar rises in [Ca21]i. The
the plasma membrane (Figure 3). This pool of releasableexperiment begins in normal Ringer’s solution. A population of vesi-
vesicles did not become depleted, because endocyto-cles was then labeled by applying 10 mM FM1-43 in the presence
of 50 mM KCl and 2.5 mM Ca21 (open bar), after which the cell was sis balanced exocytosis on the time-scale of tens of
returned to normal Ringer’s. Further details in text. The diameter of seconds (Figure 2) and vesicles became available for
the terminal was 11 mm. release within 1 min (Figure 4). The Ca21 sensor reg-
(C) Ca21 microdomains were not required for continuous vesicle
ulating this vesicle cycle must be different to that regu-cycling. After application of 10 mM FM1-43 (arrow), Ca21 was re-
lating transient exocytosis in neurons firing action po-moved (open bar) to block Ca21 influx. The diameter of the terminal
tentials, because continuous cycling was stimulated bywas 10.5 mm.
submicromolar rises in [Ca21]i (Figure 6), whereas tran-
sient exocytosis requires Ca21 concentrations of hun-
dreds of micromolar (Llinas et al., 1992; Stanley, 1993;stimulating endocytosis at a rate of about 2.1% of the
membrane surface area per s, or 1600 vesicles per s. DeBello et al., 1993). A continuous vesicle cycle that re-
sponds to changes in cytoplasmic Ca21 appears wellSimilar results were observed in five other cells.
Exocytosis was also reversibly stimulated by [Ca21]i suited to transmitting the graded visual signals pro-
cessed through bipolar cells.levels below 1 mM, as shown in Figure 6B.First, a popula-
tion of vesicles was labeled by applying FM1-43 in 50 The maintenance of continuous high rates of exo-
cytosis in the bipolar cell terminal must have requiredmM KCl and 2.5 mM Ca21, when [Ca21]i was raised to
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the continuous refilling of the release zones, and similar neurotransmitter will occur without complete uptake or
loss of FM1-43 (see, for instance, the discussion inconclusions have been drawn from work on the ribbon
synapse of saccular hair cells (Parsons et al., 1994). Henkel and Betz, 1995).
Although our experiments demonstrated that Ca21It might therefore be that the rate-limiting step during
continuous neurotransmitter release is the tethering of causes a net stimulation of endocytosis during depolar-
ization, they could not tell us whether Ca21 affects endo-synaptic vesicles to the electron-dense bodies rather
than subsequent docking and fusion with the plasma cytosis directly, because endocytosis was coupled to
exocytosis. Nonetheless, capacitance measurements inmembrane. Exocytosis might then be stimulated if a
rise in cytoplasmic [Ca21]i increased the rate at which isolated bipolar cell terminals have been interpreted as
indicating that Ca21 inhibits endocytosis. After depolar-vesicles became attached to these structures.
ization, the rate at which the capacitance fell back to
its resting value was reduced when [Ca21]i was in the
A Comparison with Capacitance Measurements sub-micromolar range (von Gersdorff and Matthews,
Capacitance measurements from isolated bipolar cell 1994b). However, in view of our demonstration of contin-
terminals indicate that the membrane surface area uous vesicle cycling at these same Ca21 concentrations,
reaches a maximum within 200 ms of a maintained depo- it may be that the fall in capacitance was slower because
larization, and this has been interpreted as indicating exocytosis was also stimulated.
the transient exocytosis of a limited vesicle pool (von
Gersdorff and Matthews, 1994a). However, this interpre-
tation rests on the idea that the rise inmembrane surface Ca21 Requirements for Continuous Exocytosis
Ca21 microdomains near open Ca21 channels were notarea simply reflects exocytosis and the fall in membrane
area simply reflects endocytosis. Our demonstration of a required to stimulate vesicle cycling. There was no mea-
surable endocytosis or exocytosis at [Ca21]i of aboutcontinuous vesicle cycle by independent measurements
of exocytosis and endocytosis indicates that this inter- 100 nM, but [Ca21]i rises below 1 mM were sufficient to
trigger exocytosis at rates up to 2000 vesicles per s,pretation requires reinvestigation. Indeed, the fall in
membrane area observed aftershort depolarizations be- similar to the rates observed during depolarization.
Thus, although we do not know the dissociation con-gan as soon as it could be measured by von Gersdorff
and Matthews (1994a), suggesting that exocytosis and stant of the Ca21 sensor, its physiological action occurs
in the sub-micromolar range. Similar or slightly higherendocytosis might both occur during depolarization. If
this were the case, at least a part of the transient capaci- [Ca21]i levels trigger secretion of large dense-core vesi-
cles from chromaffin cells (Augustine and Neher, 1992),tance increase might represent a temporary imbalance
between continuous exocytosis and endocytosis. Such pituitary melanotrophs (Thomas et al., 1990), and from
the somata of dorsal root ganglion neurons (Huang andan imbalance is expected, since exocytosis of vesicles
must precede endocytosis, and recent capacitance Neher, 1996). In contrast, secretion of small vesicles
from the squid giant synapse requires [Ca21]i levels ofmeasurements of secretion at the ribbon synapse of rod
photoreceptors have been interpreted in this way (Rieke the order of 100 mM (Adler et al., 1991; Llinas et al.,
1992).and Schwartz, 1996). In saccular hair cells, endocytosis
can be blockedby whole-cell dialysis, so that exocytosis Transient capacitance increases in the giant terminal
of bipolar cells required [Ca21]i to rise above 15–50 mMis associated with an easily measured increase in mem-
brane capacitance. At this ribbon synapse, exocytosis (von Gersdorff and Matthews, 1994a; Heidelberger et
al., 1994). This observation might be reconciled with thealso occurred at constant high rates for periods of sec-
onds (Parsons et al., 1994). results we present if there were two mechanisms of
secretion in the bipolar cell terminal: a continuous mech-Although the balance of the evidence indicates that
continuous exocytosis can occur at ribbon synapses, anism triggered by a Ca21 sensor of relatively high affin-
ity, and a faster transient mechanism triggered by a Ca21von Gersdorff et al. (1996) have suggested that a step
depolarization of the depolarizing bipolar cellonly stimu- sensor of relatively low affinity. Goda and Stevens (1994)
have provided evidence for the existence of two Ca21lates the transient secretion of the small pool of vesicles
already tethered to the dense body. The rise in capaci- sensors in cultured hippocampal neurons. Fast trans-
mitter release, synchronized to the action potential, istance corresponded to the rapid release of at least 5000
vesicles within 200 ms of depolarization, whereas the mediated by a low affinity Ca21 sensor that is probably
synaptotagmin I (Geppert et al., 1994). The second,maximum rate of continuous exocytosis that we mea-
sured was about 3800 vesicles per s. The possibility slower, component of release is less efficient and de-
cays with a time-constant of about 100 ms, probablythat both transient and maintained secretory responses
occur in the bipolar cell terminal might be investigated reflecting the fall in cytoplasmic Ca21 back to basal lev-
els. The identity of the high affinity Ca21 sensor thatif FM1-43 measurements with better time-resolution
could be combined with capacitance measurements, as mediates this asynchronous component of release is not
known (Neher and Penner, 1994). These observationshas been done in bovine chromaffin cells (Smith and
Betz, 1996). Such a combination of techniques might at a central synapse may be related to the short-term
augmentation of both evoked and spontaneous trans-also allow investigation of the possibility that not all
vesicles undergoing exocytosis collapse into theplasma mitter release observed at the neuromuscular junction
after a tetanus (reviewed by Zucker, 1989). Augmen-membrane. It might be that some vesicles only join the
plasma membrane through an exocytic fusion pore that tation at the crayfish neuromuscular junction is associ-
ated with Ca21 levels below 700 nM (Delaney and Tank,rapidly closes (“kiss-and-run”), when discharge of small
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Figure 7. Measuring Vesicle Sizes in a Bipo-
lar Cell Terminal
(A) Electron micrograph of a bipolar cell termi-
nal in the retina. Scale bar, 200 nm. The bipo-
lar cell terminal is recognizable by its denser
cytoplasm packed with small clear vesicles. A
dense body is marked (db) showing vesicles
arranged around a central electron-dense
ball apposed to the plasma membrane. Mito-
chondria (m) and a neighboring amacrine cell
process (a) can also be seen.
(B) Distribution of vesicle diameters. The
curve fitted through the points is a Gaussian
with the parameters indicated.
Experimental Procedures1994), which are thought to act at a site distinct from
that eliciting fast secretion (Kamiya and Zucker, 1994).
Fluorescence Imaging of FM1-43It may therefore be that most synapses contain both
Depolarizing bipolar cells were acutely dissociated from the retinae
high and low affinity Ca21 sensors that regulate secre- of goldfish by papain digestion, using methods previously described
tion, but utilize these parallel pathways to different de- (Tachibana and Okada, 1991). The Ringer’s solution contained the
following: 120 mM NaCl; 2.5 mM CaCl2; 2.5 mM KCl; 1 mM MgCl2;grees. Perhaps thepathway mediated bythe high affinity
10 mM glucose; 10 mM HEPES (pH 7.3). 0 Ca21 solutions were madeCa21 sensor is more efficient at the ribbon synapse,
by omitting CaCl2 and adding 1 mM EGTA. Solutions containing 50because vesicles are supplied to the release zones mM KCl were prepared by iso-osmotic replacement of NaCl. The
faster than they are at conventional synapses. The un- membrane potential in 50 mM KCl was 0 mV. FM1-43 (Molecular
usually large pool of releasable vesicles that we de- Probes) was used at 10 mM. Fluorescence imaging with a CCD
camera (Photometrics EEV37) was carried out on an inverted micro-scribe, its localization to a region close to the plasma
scope (Zeiss Axiovert 10) using a Zeiss 403 Fluar oil objective (NAmembrane, and rapid replenishment by newly endocy-
1.3) and a 75 W Xenon lamp with light guide. The excitation beam
tosed vesicles are all features of the bipolar cell terminal passed through a 490 nm bandpass filter (10 nm bandwidth), and
that will serve to maintain a constant supply of vesicles emitted light was collected through a wideband filter (515–565 nm)
to release zones. The ribbons (or dense bodies) may using a 505DRLP dichroic mirror (Omega Optical). Images were
obtained at gains of 4 to 16 with integration times of 400–1000also represent a specialization by which vesicles are
ms using IPLab software (Signal Analytics) running on a Macintoshcaptured more efficiently for guidance to release sites.
Quadra 840 AV computer. The excitation beam was controlled by
A key issue now is to determine the relative importance a shutter and filter wheel (LEP). Photobleaching was not a problem
of transient and continuous secretion at the ribbon at the light intensities we used, but image collection was limited
to once every 10 s to minimize light-induced damage to the cell.synapse.
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Phototoxicity often became evident after 15 min or more of image 35,0003, and the negatives scanned at 320 dpi and imported into
NIH Image. The perimeter of vesicles was traced through the middlecollection, when the terminal expanded and took on a granular
appearance. Solutions were gravity fed and applied to the imaged of the membrane thickness and this value divided by p to estimate
the vesicle diameter, assuming the vesicle to be a sphere. The innercell using an array of quartz pipes(100 mm i.d, WPI), allowingsolution
changes within 1 s. Analysis was carried out using NIH Image and delimiting edge of the membrane was sometimes less distinct than
the outer edge, perhaps because such vesicles were not completelyIgor Pro (Wavemetrics) software.
Confocal microscopy was carried out using an MRC-600 with enclosed within the section. Such estimates would tend to bias our
average toward a smaller diameter. However, there was no clearArgon Ion laser mounted on a Nikon Optiphot upright microscope
with a 603 Nikon PlanApo oil objective (NA 1.4). The confocal aper- basis for rejecting such measurements, and the distribution ob-
served when including them was not skewed, so they were includedture was set to three small divisions to obtain optical sections about
1 mm thick. FM1-43 was excited using the 488 nm line of the laser in the average. An example micrograph is shown in Figure 7A. The
distribution of vesicle diameters was normal, with a mean of 36 nmand emission collected through a 515 nm long-pass filter. The cham-
ber was closed (z100 ml volume), and complete solution exchange and standard deviation of 5.7 nm (n 5 527) (Figure 7B). This value
of dv was used to estimate rates of vesicle cycling. In comparison,occurred within 3 s.
dv of small vesicles inthe goldfish bipolar cell terminal was measured
as 29 nm by von Gersdorff et al. (1996). Using this value wouldElectrophysiology and Ca21 Measurements
increase our estimates of rates of vesicle cycling by 54%.Cells were whole-cell voltage-clamped using an EPC-9 amplifier
(HEKA). The solution in the patch pipette contained the following:
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